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In Escherichia coli, bidirectional chromosomal repli-
cation is accompanied by the colocalization of sister
replication forks. However, the biological signifi-
cance of this mechanism and the key factors
involved are still largely unknown. In this study, we
found that a protein, termed CrfC, helps sustain the
colocalization of nascent DNA regions of sister repli-
somes and promote chromosome equipartitioning.
CrfC formed homomultimers that bound to multiple
molecules of the clamp, a replisome subunit that
encircles DNA, and colocalized with nascent DNA
regions in a clamp-binding-dependent manner in
living cells. CrfC is a dynamin homolog; however, it
lacks the typical membrane-binding moiety and
instead possesses a clamp-binding motif. Given
that clamps remain bound to DNA after Okazaki
fragment synthesis, we suggest that CrfC sustains
the colocalization of sister replication forks in a
unique manner by linking together the clamp-loaded
nascent DNA strands, thereby laying the basis for
subsequent chromosome equipartitioning.
INTRODUCTION
In Escherichia coli, equipartitioning of sister chromosomes is
promoted during chromosomal replication. The process involves
a series of dynamic molecular events including transient colocal-
ization and active translocation of nascent DNA strands (Sunako
et al., 2001; Molina and Skarstad, 2004; Bates and Kleckner
2005; Reyes-Lamothe et al., 2008b; Joshi et al., 2011; Wang
et al., 2013). After initiation of replication at the replication origin
oriC, the sister oriC regions and the nascent DNA regions of the
sister replisomes colocalize transiently (Figure 1A) (Sunako et al.,Cel2001; Molina and Skarstad, 2004; Bates and Kleckner, 2005;
Fossum et al., 2007; Reyes-Lamothe et al., 2008a). The oriC re-
gions are then rapidly bidirectionally segregated via a specific
translocation system functioning at a centromere-like site migS
near oriC (Figure 1A) (Yamaichi and Niki, 2004). Segregation of
the main body of the chromosome outside of the migS-oriC re-
gion requires the MukBEF complex (Hiraga, 2000), which con-
denses DNA strands like eukaryotic condensins (Cui et al.,
2008) (Figure 1A). MukB, a SMC (structural maintenance of chro-
mosomes)-fold protein (Nasmyth and Haering, 2005; Hirano
2006; Bloom and Joglekar, 2010), is located at quarter-cell posi-
tions during chromosomal segregation (Hiraga, 2000; Badrinar-
ayanan et al., 2012).
Even in E. coli, only a few factors are known to support coloc-
alization of nascent DNA regions following sister replisomes.
One of these factors is the hemimethylated DNA-binding protein
SeqA (Molina and Skarstad, 2004; Fossum et al., 2007). SeqA
forms multimers on nascent DNA strands (Brendler et al.,
2000; Waldminghaus et al., 2012) and is thought to link the
strands temporarily for colocalization. However, the duration of
the hemimethylated state of the nascent DNA region is only
1–10 min (Lu et al., 1994), whereas the colocalization of nascent
DNA regions can persist for 5 min to more than 40 min (Sunako
et al., 2001; Fossum et al., 2007; Adachi et al., 2008; Reyes-
Lamothe et al., 2008a). Thus, SeqA binding cannot fully account
for the entire duration of nascent strand colocalization. Another
mechanism, catenation of DNA, has also been suggested to
assist nascent strand colocalization; however, the results of ex-
periments with topoisomerase IV (Topo IV), which dissociates
catenated DNA strands, suggest that catenation is effective
only for the colocalization of sister oriC regions, not for the coloc-
alization of nascent DNA strands outside of oriC (Wang et al.,
2008). Therefore, the biological significance and molecular
mechanisms responsible for the colocalization of nascent DNA
regions still remains largely elusive.
Replisomes contain DNA polymerase III holoenzyme con-
sisting of the polymerase core-DnaX complex and the clampl Reports 4, 985–995, September 12, 2013 ª2013 The Authors 985
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Figure 1. Colocalization of Sister Replication Forks and Chromosome Segregation
(A) Replication intermediates are illustrated. The Ori macrodomain contains oriC andmigS (Yamaichi and Niki, 2004), whereas the Ter macrodomain contains the
replication termination region (Mercier et al., 2008). These macrodomains span approximately 20% of the chromosome and are more tightly folded than the
intervening macrodomains (Dame et al., 2011). The sister replication forks are transiently colocalized after the initiation of replication. The sister chromosomal
regions (cyan and red) are then translocated to specific quarter-cell positions during further progression of replication forks, which results in the formation of a pair
of foci. The oriC-migS region (yellow)migration system (broken gray arrows) is different from that of other chromosomal regions (gray arrows). The replisomes and
the foci of the replication forks are indicated by brown circles and green circles, respectively.
(B and C) Schematic illustration of the subcellular dynamics of the foci of the replication forks in wild-type (B) and DcrfC mutant (C) cells containing two to four
origins. Defects in equipositioning or premature separation of the foci can occur inDcrfC cells. Cell size and the relative cell age (where 0 represents the newborn
time and 1.0 represents the division time) were deduced frommicroscopic and flow cytometry data. The green circles indicate the foci of the replication forks. The
magenta bar indicates the duration of colocalization of the sister replication forks.
(D) Model for colocalization of the nascent DNA regions. Immediately after replication, the nascent DNA strands are hemimethylated and bind SeqA multimers.
The DNA-loaded clamps remain bound to laggingmode nascent DNA strands and form complexes with CrfCmultimers. These nucleoprotein complexes stabilize
the colocalization of the nascent strands. The nascent DNA region bearing such dynamic higher-order complexes is termed the ‘‘nascentmere.’’ Unidentified
proteins also may participate in the nascentmere complexes. Catenation of DNA is not shown because the catenation of sister DNA strands following a replisome
is released by the transient dissociation of the lagging strand polymerase (Kurth et al., 2013).(DnaN) (Johnson and O’Donnell, 2005). The clamp has a ring-like
structure that encircles DNA (Georgescu et al., 2008). After the
synthesis of an Okazaki fragment on the lagging strand, the
polymerase core-DnaX complex dissociates from the clamp,
but the clamp remains temporarily attached to the nascent
DNA (Yuzhakov et al., 1996; Onogi et al., 2002; Wang et al.,
2011; Su’etsugu and Errington, 2011), where it interacts with
various proteins to regulate replication cycle and DNA repair
(Katayama et al., 1998, 2010; Johnson and O’Donnell, 2005).
Here, we identify a clamp-interacting protein that supports
both nascent DNA colocalization after sister replisome passage
and equipartitioning of chromosomes. This protein, named CrfC
(colocalization of the replication fork DNA by the clamp), struc-
turally resembles eukaryotic dynamin, which forms spiral
homomultimers that directly bind to the cell membrane for the
promotion of membrane fission during endocytosis and mito-
chondrial division (Ferguson and De Camilli, 2012). The function986 Cell Reports 4, 985–995, September 12, 2013 ª2013 The Authorof dynamin homologs in prokaryotes is largely unknown except
for their membrane-binding properties (Low et al., 2009; Bram-
kamp, 2012). CrfC is a unique dynamin homolog that lacks the
membrane-binding moiety but instead carries a clamp-binding
motif. We propose that CrfC functions as a molecular anchor
for the tethering of clamp-loaded sister lagging strands, thereby
sustaining colocalization of nascent DNA regions after replica-
tion fork passage.
RESULTS
CrfC Is a Clamp-Binding Homolog of Dynamin
The clamp has diverse functions in various cellular events. To
uncover as-yet-unidentified clamp functions, we searched for
clamp-binding factors in E. coli using a clamp-conjugated affinity
column. Peptide-mass fingerprint analysis identified 65 candi-
date clamp-binding proteins (Table S1). This list included knowns
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Figure 2. Structural Features and Clamp-
Binding Activity of CrfC
(A) Schematic illustration of the structural simi-
larity between E. coli CrfC and N. punctiforme
BDLP, based on an HHpred search (Low and
Lo¨we, 2006). Amino acid residues 1–729 of CrfC
and 5–688 of BDLP have overall homology (open
boxes). Regions with no homology and alignment
gaps are indicated by bold lines and dotted
lines, respectively. Highly conserved regions are
highlighted in green (for sequence data, see
Figure S1A). The paddle region of BDLP is high-
lighted in cyan. The BDLP GTPase domain, GTP-
binding motifs (P loop and Switch 1–3), middle
domain (Middle), and GTPase effector domain
(GED) are indicated (Low and Lo¨we, 2006). The
amino acid sequence of the consensus clamp-
binding motif (CBM) of CrfC (residues 41–45) is
also indicated.
(B) Hydropathy plot based on analysis using
ConPred II (Low and Lo¨we, 2006). The plots for
BDLP and CrfC are shown in red and green,
respectively. The hydrophobic paddle region in
BDLP, which is absent in CrfC, is indicated by a
cyan bar.
(C) Pull-down assay using the wild-type (WT) and
the Q41A mutant (Q41A) N-terminally His-tagged
CrfC (His-CrfC) (16 pmol) (85 kDa as monomer),
the indicated amounts of the clamp (homodimers
of 40 kDa protomers), and Ni-conjugated mag-
netic beads are shown. Isolated proteins were
analyzed by SDS-PAGE and Coomassie brilliant
blue staining.
(D) Spin-column assay using His-CrfC incubated
with equivalent amounts of fX174 RFII DNA,
which were loaded with either 0 pmol () or
2.5 pmol (+) of the clamp. The DNA-bound pro-
teins were eluted in the void volume of a gel
filtration spin column and subjected to SDS-PAGE
and silver staining.
(E) Analysis of the WT and the Q41A His-CrfC
mutant (Q41A) using a Superose 6 gel filtration
column, SDS-10% PAGE, and Coomassie brilliant
blue staining. The elution positions of the molec-
ular size makers (kDa) are also shown.
(F) Immunoprecipitation assay using the T7-
tagged clamp, the wild-type clamp (90 pmol each
as a dimer), His-CrfC, and anti-T7-tag beads. The isolated proteins were analyzed by SDS-PAGE and SYPRO Red staining. An illustration indicates a
putative complex between a CrfC oligomer and T7-tagged and WT clamps.
See also Figures S1, S2, and Table S1.clamp-binding proteins such as DnaE, MutS, and DnaX (Dalrym-
ple et al., 2001), as well as CrfC (yjdA gene product) of unknown
function. CrfC is a structural homolog of bacterial dynamin-like
protein (BDLP) from the cyanobacterium Nostoc punctiforme
(31% amino acid similarity) (Figure 2A) and dynamin-like GTPase
Dnm1 fromSaccharomycescerevisiae. AlthoughCrfCpossesses
the GTPase domain of dynamin (Figures 2A and S1A), it lacks the
hydrophobic paddle motif, which is a crucial membrane-binding
site in both BDLP and dynamin (Figure 2B) (Praefcke and
McMahon, 2004; Low and Lo¨we, 2006; Low et al., 2009).
Clamp-binding proteins contain a conserved sequence motif
(QL[S/D]LF) that binds to the specific hydrophobic pocket on
the clamp (Dalrymple et al., 2001; Johnson and O’Donnell,Cel2005; Su’etsugu et al., 2005). CrfC contains at least three candi-
date sequences for this consensus motif (Q23-L27, Q41-P45,
and Q734-T738). An alanine substitution was introduced at a
crucial consensus residue in each of these sites (Q23A, Q41A,
and Q734A), and His-tagged versions of the wild-type and
mutant proteins were purified (see Extended Experimental Pro-
cedures, Table S2, and Figure S1B). Pull-down assays revealed
that wild-type CrfC bound directly to the clamp, whereas the
Q41A mutant did not (Figure 2C). The Q23A and Q734A
mutants also bound to the clamp (K.N., S.O., Y.M., and T.K.,
unpublished data). The results of spin-column gel filtration
experiments also revealed that wild-type CrfC bound to the
DNA-loaded clamp but the Q41A mutant did not (Figures 2Dl Reports 4, 985–995, September 12, 2013 ª2013 The Authors 987
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Figure 3. Altered Positioning of the Nucleoid in DcrfC Mutants
(A) Phase-contrast/fluorescence microscopic analyses of MG1655 (wild-type)
and MYU001 (DcrfC) cells exponentially grown at 25C in M9-glucose-CAA
medium. Cells were fixed in methanol and stained with DAPI. MG1655 and
MYU001 cells bearing a low-copy mini-R plasmid pKP1673 (Vector Labora-
tories), or its derivative carrying the wild-type crfC gene or the crfC Q41A
mutant gene, were also analyzed. The white arrowheads indicate anucleate
cells. A total of 3,600 ± 1,000 cells from each strain were analyzed and the
proportions of the anucleate cells are shown.
(B and C) The proportions of anucleate MG1655 (wild-type) and MYU001
(DcrfC) cells among cells exponentially grown at 30C in M9-glycerol medium
for 10 generations were analyzed as described above (B). Similarly, MYU001
cells bearing the mini-R vector (Vector Labs), or its derivative carrying the wild-
type crfC gene (Wild) or the crfC Q41A gene (Q41A), were analyzed (C). For
each strain, 3,000 (B) or 200–300 cells (C) were analyzed.
(D and E) Chromosomal positions relative to the cell length for cells with a
single (D) or dual (E) DAPI foci. Cells were grown and analyzed as described in
(A). The position of the midcell region is indicated (Mid) and the dashed line
indicates the position of the cell edge. The cyan-colored region indicates the
area outside of the central third of the cell length. The magenta-colored region
indicates the area inside of the central 20% of the cell length. Each panel
shows data for 500–1,100 cells. NCP, noncentral positioning; NAM, nucleoid
at midcell.
See also Figures S3, S4, and S5 and Tables S3 and S4.and S1C). None of the CrfC proteins bound to clamp-free DNA
(Figures 2D and S1C). Competition experiments using similar
spin columns suggested that CrfC had comparable affinities
for both DNA-free and DNA-bound clamps (Y.M. and T.K.,
data not shown). Thus, CrfC is a clamp-binding protein that con-
tains a clamp-binding consensus sequence at residues Q41-P45
in its N-terminal region (Figure 2A).
Purified wild-type CrfC and CrfC Q41A (82 kDa as monomer)
were eluted as a broad peak of approximately 500–600 kDa
from gel filtration columns (Figure 2E), indicating the formation
of homomultimers, a common feature of dynamin family pro-
teins. When a mixture of CrfC and the clamp was similarly
analyzed, fractions eluted at 150–500 kDa included the both pro-
teins (Figure S1D). Given that the clamp is about 80 kDa (Fig-
ure S1D), these results supported that CrfC binds to the clamp
and suggested that monomers or small oligomers such as
dimers and trimmers of CrfC stably bind the clamp. Quantifica-
tion of the band intensities suggested that the binding stoi-
chiometry of the clamp/CrfC monomer is 0.65 ± 0.4 on average
(Figure S1D), which suggests a possibility that a CrfC oligomer
can bind multiple clamp molecules. To investigate this possibil-
ity, coimmunoprecipitation assays were performed using a T7-
tagged clamp, the wild-type clamp, and CrfC (Figure 2F).
When anti-T7 beads were used for coimmunoprecipitation, the
wild-type clamp was recovered in a CrfC-dependent manner,
supporting the notion that CrfC can bind multiple clamp
molecules.
GTP did not affect the binding of CrfC to either the DNA-free or
the DNA-loaded clamp in vitro (Figure S2A and S2B), or CrfC
multimerization (Figure S2C), and did not result in CrfC binding
to DNA (Y.M. and T.K., data not shown). In addition, CrfC
GTPase activity was weak: incubation of 1 pmol CrfC at 37C
for 1 hr hydrolyzed only 1 pmol of GTP (Y.M. and T.K., data not
shown). These results are consistent with previous observations
showing that eukaryotic dynamins can form homomultimers in
the absence of GTP (Ferguson and De Camilli, 2012) and that
they require a specific factor such as liposomes or a protein part-
ner (Bramkamp, 2012; Morlot and Roux 2013) for optimal
GTPase activity. Specific stimulating factors for CrfC GTPase
have not been identified. The possible roles of CrfC GTPase
activity will be discussed later (see Discussion).
DcrfC Causes Defects in Chromosome Partitioning
Flow cytometry analyses of DcrfC mutant cells revealed that
their growth rate and replication parameters were similar to
those of wild-type cells (Figure S3), suggesting that CrfC does
not affect DNA replication. However, microscopic analyses re-
vealed that a noticeable number of DcrfC cells were anucleate
when grown at 25C in M9-glucose-casamino acids (CAA)
medium (Figure 3A). Complementation analysis revealed that
wild-type CrfC, but not CrfC Q41A, suppressed the production
of anucleate cells. Similar results were also obtained when cells
were grown at 30C in M9-glycerol medium (Figures 3B and 3C)
or LB-glucose medium (Figure S4A). Resistance to UV and mito-
mycin C was fully sustained in the DcrfC cells (Y.M. and T.K.,
data not shown). These results suggest that CrfC specifically
promotes chromosome partitioning in a clamp-binding-depen-
dent manner.988 Cell Reports 4, 985–995, September 12, 2013 ª2013 The AuthorDcrfC Causes Defects in Chromosomal Positioning and
Segregation
The positions of the nucleoid foci relative to the cell length were
analyzed further using cells grown at 25C in M9-glucose-CAAs
medium (Figures 3D and 3E). When only one nucleoid focus was
present in a wild-type cell, it resided predominantly at themidcell
region, which was defined as the central third of the cell length
(Figure 1A). By contrast, a considerable number of DcrfC cells
contained the nucleoid focus at a noncentral or polar region.
The proportions of cells that had a nucleoid focus outside of
the midcell region (termed noncentral positioning [NCP]) were
1.3% and 13% for wild-type and DcrfC cells, respectively (Fig-
ure 3D). The proportions of cells that had two nucleoid foci or a
dumbbell-shaped nucleoid focus (i.e., a pair of nucleoid foci in
close proximity) at the midcell region (termed nucleoid at midcell
[NAM]) were also determined. The NAM region was defined as
the central 20% of the cell length. Wild-type and DcrfC cells
with NAMs were 16% and 27%, respectively (Figure 3E). Similar
results were also obtained using cells grown at 30C in M9-
glycerol medium, and the altered positioning of nucleoids in
the DcrfC mutant was suppressed by the wild-type crfC allele,
but not by the crfC Q41A mutant allele (Figures S4B–S4D). The
results of these quantitative analyses are consistent with the
idea that CrfC promotes nucleoid positioning, either directly or
indirectly, in a clamp-binding-dependent manner.
Characterization of CrfC Function in Chromosome
Partitioning and Replication Fork Maintenance
To analyze genetic interactions between factors involved in
chromosome partitioning and CrfC, the synthetic effects of
DcrfC and mutations inmigS and slmA genes were investigated
using cells grown either in M9-glucose-CAA medium at 25C or
inM9-glycerol medium at 30C. SlmA inhibits the division of cells
bearing nucleoids at the midcell region (Bernhardt and de Boer,
2005). Results suggested that nucleoid positioning in DcrfC cells
can be further impaired by mutations in migS and slmA genes
(Tables S3 and S4; Figure S5).
Next, the synthetic effects of a DcrfC-DmukB double mutation
were analyzed. Compared to cells carrying the DmukB or DcrfC
single mutation, the level of anucleate cell production was higher
in DmukB-DcrfC double-mutant cells (Tables S3 and S4; Fig-
ure S5), which is consistent with the interpretation that CrfC
and MukB have concerted actions in repressing anucleate cell
production.
RecA-dependent homologous recombination is crucial for
replication fork repair, a process that represses anucleate cell
production caused by the degradation of chromosomes with
altered replication forks (Cox, 2007; Zyskind et al., 1992; Skar-
stad and Boye, 1988). Compared with cells carrying a single
mutation in crfC or recA, the level of anucleate cell production
was significantly higher in DcrfC-DrecA double-mutant cells
(Tables S3 and S4; Figure S5). This result is consistent with the
proposal that CrfC plays a role in the maintenance of replication
forks. Taken together, the results suggest CrfC participates in
chromosome partitioning in a unique manner.
CrfC Induces Colocalization of Sister Replication Forks
in Living Cells
The dynamics of the subcellular localization of the nascent DNA
regions of sister replisomes were analyzed in living cells using a
GFP-fused clamp (see Extended Experimental Procedures). The
clamp colocalizes with the replication fork during chromosomalCelreplication (Onogi et al., 2002; Wang et al., 2011). Cells express-
ing the GFP clamp were grown at 25C in M9-glucose-CAA
medium. These growth conditions were the same as those
used in experiments for Figure 3 and previous studies that
analyzed the colocalization of the replication forks in 50-bromo-
deoxyuridine (BrdU) pulse-labeled cells (Adachi et al., 2005,
2008). Flow cytometric analyses confirmed that the DNA replica-
tion activity of the GFP-clamp cells was similar to that of wild-
type clamp cells and that most of these cells contained only
two or four copies of oriC (Figure S3B). The data are also consis-
tent with the interpretation that the cells with two replication
origins contained either a chromosome replication intermediate
or completely replicated sister chromosomes, and that the
next round of replication initiated on the sister chromosomes
yielded cells containing four replication origins (Figure 1A). Using
a previously published formula for determining the initiation
mass required for DNA replication (Wold et al., 1994), the initia-
tion of replication was determined to occur at a relative cell
age of 0.6, where 0 represents the newborn time and 1.0 repre-
sents the division time (Figure 1B). Under these conditions, the
following process is anticipated (Adachi et al., 2005, 2008): in a
dual origin cell, the sister replication forks are colocalized as
described above, yielding a single GFP focus at the midcell re-
gion (Figure 1B). Thereafter, active segregation of the sister repli-
cation forks yields two GFP foci, which disappear when the
ongoing round of replication is completed. After a brief interval,
replication is initiated on the bipolar segregated sister chromo-
somes at the cell age of 0.6, yielding two GFP foci at the
quarter-cell positions in the resultant four-origin cell, which result
from colocalization of the sister replication forks in each replica-
tion intermediate (Figure 1B). Consistent with this proposed pro-
cess, 84% of wild-type crfC cells contained only one or two GFP
foci (Figures 4A and 4C), supporting the idea that sister replica-
tion forks are colocalized for a considerable period of time during
cell cycle (Figure 1A).
Premature Separation of Sister Replication Forks in
DcrfC Cells
A large number of wild-type cells with a length of less than 4.6 mm
(Figure 4D, shaded area) formed a single GFP focus at or prox-
imal to the midcell region. A small number of these relatively
shorter cells had two discrete foci between or at the quarter-
cell positions (Figures 4C and 4F). These data suggest that chro-
mosomal replication is completed by the relative cell age of 0.5,
which corresponds to a cell length of approximately 4.6 mm (Fig-
ure 1B) and is consistent with the results of flow cytometric
analyses.
Notably, 54%of the shorter (cell length less than 4.6 mm)DcrfC
cells contained two foci, whereas only 30% of the shorter wild-
type cells contained two foci (Figures 4B, 4C, 4E, 4F, and 4G).
At cell lengths greater than 4.6 mm, the proportion of cells con-
taining three or four foci was markedly increased by deletion of
crfC (17% and 32% for wild-type and DcrfC cells, respectively;
Figure 4C). The mean cell length (approximately 4.5 mm) was
similar for both the wild-type and mutant cells. Given that the
replication and cell division cycles are independent of CrfC, the
differences in the numbers of clamp foci suggest that sister repli-
cation forks are separated prematurely in DcrfC mutant cellsl Reports 4, 985–995, September 12, 2013 ª2013 The Authors 989
HOZA017
harboring
mini-R-crfC
mini-R-Q41A
Vector
Percentage of shorter cells 
containing 2-GFP-foci
20%
43%
45%
A
OZA009 [gfp-dnaN] ]
B
OZA017 [ΔcrfC gfp-dnaN
C
Strain
OZA009
(gfp-dnaN)
OZA017
(ΔcrfC gfp-dnaN)
Total cells
0
8.5%
8.1%
Shorter cells Longer cells
1
43%
31%
2
41%
48%
≥3
7.3%
14%
1
64%
42%
2
30%
54%
≥3
1.0%
1.1%
1
7.9%
14%
2
60%
38%
≥3
17%
32%
Number of GFP-clamp foci per cell
D
N=70
OZA009 with 1-GFP-focus
Position (μm)
0
Ce
ll l
en
gt
h 
(μm
) 01
2
3
4
5
6
7
– 3.5
Ce
ll l
en
gt
h 
(μm
) 01
2
3
4
5
6
7
– 3.5
N=49
OZA017 with 1-GFP-focus
Position (μm)
0
E
Ce
ll l
en
gt
h 
(μm
) 01
2
3
4
5
6
7
– 3.5
N=68
OZA009 with 2-GFP-foci
Position (μm)
0 + 3.5
OZA017 with 2-GFP-foci
0
Ce
ll l
en
gt
h 
(μm
) 01
2
3
4
5
6
7
– 3.5
N=76
Position (μm)
+ 3.5
F G
Figure 4. Fluorescence Microscopic Analysis of the Sister Replication Forks
(A and B) Fluorescence microscopic images of the GFP clamp in OZA009 (MG1655 gfp-dnaN) (A) and OZA017 (DcrfC gfp-dnaN) (B) cells grown exponentially at
25C inM9-glucose-CAAmedium. Representativemerged images of GFP foci (green) and cell shapes obtained from a bright-field image are shown. Shorter cells
containing two foci are indicated by white arrowheads.
(C) The percentages of wild-type and DcrfC mutant cells containing zero, one, two, or three or more GFP foci. Approximately 160 cells were analyzed.
(DG) Subcellular positioning of single (D and E) or dual (F and G) GFP foci in OZA009 (D and F) and OZA017 (E and G) cells. The 0 mm position indicates the
midcell region. The quarter-cell positions are indicated by dotted lines. The shaded area indicates cells with a cell length of%4.6 mm (shorter cells). N, number of
cells analyzed.
(H) The percentages of shorter length OZA017 cells bearing the mini-R vector (Vector), or its derivative carrying wild-type crfC (mini-R-crfC) or crfC Q41A (mini-R-
Q41A), that contained dual GFP foci. Approximately 100 cells were analyzed for each strain.(Figure 1C). Moreover, complementation analysis revealed that
wild-type CrfC, but not CrfCQ41A, repressed premature separa-
tion of the clamp foci (Figure 4H). These results support the idea
that CrfC is important for sustaining colocalization of sister repli-
cation forks in a clamp-binding-dependent manner.
CrfC Supports Colocalization and Positioning of
Nascent DNA Strands
The subcellular localization of the nascent DNA regions was
examined further by immunofluorescent microscopy analysis
of BrdU pulse-labeled cells (Adachi et al., 2005). When wild-
type or DcrfC cells were grown under the conditions described
above (Figures 4A–4H), the results were consistent with those
obtained by GFP-clamp analysis. The majority of the BrdU
pulse-labeled cells contained one or two BrdU foci (Figures
5A–5C). Among the shorter cells, 37% of the DcrfC cells con-
tained two BrdU foci, whereas only 10% of the wild-type cells
did (Figures 5C and S6A–S6D). Among the long cells, the per-
centages of wild-type and DcrfC cells containing three or more
BrdU foci were 6.8% and 19%, respectively (Figures 5C; S6A–
S6D). These data indicate premature separation of the nascent
DNA region in DcrfC cells. The small differences observed
between the percentages of GFP foci and BrdU foci (Figures
4C and 5C) might be due to the method used to fix the cells prior
to BrdU foci observations. In addition, irregular positioning of the
BrdU foci was observed in DcrfC cells (Figures 5D and S6A–
S6D), which is consistent with the abnormal positioning of the
chromosomes observed in DcrfC cells (Figure 3). Comparable
results were also obtained for cells grown at 30C in M9-glycerol
medium (Figures S6E–S6H).990 Cell Reports 4, 985–995, September 12, 2013 ª2013 The AuthorSimilar experiments using cells bearing a Topo IV mutation,
parE10, and DcrfC showed that CrfC does not stimulate catena-
tion (Table S5; Figure S7). The DcrfC-DseqA double mutants
were not analyzed in this way because deletion of seqA causes
overinitiation of replication and would have complicated the
interpretation of the results.
Time-LapseAnalysis of Sister Replication Forks inDcrfC
Cells
To examine the separation of sister replication forks further,
time-lapse analysis of the GFP clamp was performed (Figure 6).
In this analysis, wild-type and DcrfC cells were grown at 25C
on an agarose pad containing M9-glucose-CAA medium. The
appearance and disappearance of GFP foci indicated the initia-
tion and termination of replication, respectively. Replication was
initiated on the bipolar segregated sister chromosomes (Figures
6A and 6B). Cell division occurred within approximately 60 min
(Figures 6A and 6B), and replication termination occurred
approximately 60 min later (Figures 6A and 6C). These cell-cycle
patterns are similar to those described in Figures 1B and 4.
After replication initiation in the wild-type cells, four-origin cells
contained two GFP foci as expected (Figure 6B). This result is
consistent with the snapshot analysis that indicated substantial
colocalization of sister replication forks (Figures 4 and 5). After
cell division, colocalization of the sister replication forks was
sustained for a further 10–20 min, followed by transient separa-
tion (Figure 6C). Themean number of foci reached amaximum of
1.4, suggesting that at least 40%of the cells had separated forks
at that time. The GFP foci displayed a continuous random
oscillating movement, which can allow the two separated focis
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Figure 5. Fluorescence Microscopic Anal-
ysis of the Nascent DNA Strands
(A and B) Fluorescence microscopy images of
MG1655 (wild-type) and MYU001 (DcrfC) cells
pulse-labeled with BrdU and immunostained with
a fluorescein-conjugated BrdU antibody. Repre-
sentative merged images of BrdU foci (white) and
cell shapes obtained from a bright-field image are
shown. Shorter cells with two foci are indicated by
white arrowheads. Approximately 400 cells were
analyzed (Figure S6).
(C) The percentages of BrdU-positive MG1655
(wild-type) and MYU001 (DcrfC) cells containing
one, two, or three or more BrdU foci.
(D) The percentages of BrdU-positive MG1655
(wild-type) and MYU001 (DcrfC) cells containing a
single focus located outside of the quarter-cell
position and longer cells containing two foci with at
least one focus located inside of the midcell region
(the central 20% region of the cell).
See also Figures S6, S7 and Table S5.residing at adjacent positions to form a temporary single focus,
reducing the apparent number of visible foci in the cell. The
movementmay be a consequence of rapid DNA strand synthesis
by the replisomes. Given the entire replication period of 120 min,
these data suggest that colocalization of the sister replication
forks lasts for approximately 80 min in wild-type cells.
Unlike the wild-type cells, the colocalized foci in DcrfC cells
were separated soon after replication initiation, indicating pre-
mature separation of the sister replication forks (Figure 6B).
The mean number of foci per DcrfC cell reached approximately
3.0 at 54 min postinitiation, suggesting that at least 50% of the
sister replication forks were separated at that time. Based on
these results, we propose that DcrfC cells prematurely separate
the sister replication forks after 30–50 min, which is at least
30 min earlier than wild-type cells.
Forty minutes prior to disappearance of the foci, the wild-type
and DcrfC cells contained comparable numbers of foci (Fig-
ure 6C), indicating that the foci are recolocalized when sister
replication forks are ongoing in the terminus region (Figure 6A).
These data support the idea that CrfC is crucial for sustaining
colocalization of the nascent DNA regions after sister replisome
passage but is no longer required in the replication termination
stage.
CrfC Foci at the Midcell and Quarter-Cell Positions
The subcellular localization of CrfC in cells was then examined
under the conditions described for Figure 6. The chromosomal
crfC gene was replaced with crfC-gfp or the crfC-Q41A-gfp
mutant. Immunoblot analysis confirmed that the cellular level
of CrfC-GFP in both cell types was similar to that of native
CrfC (Figure S3C). For wild-type CrfC, cells with three CrfC foci
were predominant (Figures 7A and 7B). In these cells, two of
the three CrfC foci were located at the quarter-cell positions
and a single focus was located at the midcell position (Figures
7C and 7D). Notably, most of the wild-type cells containing three
foci were shorter cells with a relative cell age of 0–0.3 (Figures
7A, 7C, and 7D). These results are consistent with the concept
that the midcell CrfC focus colocalizes with the replication forks,Celas seen for the clamp and BrdU foci. A small number of shorter
wild-type cells had only two foci at the quarter-cell positions (Fig-
ures 7C and 7D). This finding may be explained by the presence
of a binding-dissociation cycle and dynamic regulation of the
interaction between the clamp and CrfC.
Consistent with the concepts described above, the crfCQ41A
mutant allele reduced the occurrence of cells containing three
foci and increased the occurrence of dual foci cells (Figures 7A
and 7B). Notably, in the shorter CrfC Q41A cells, those with
only two foci at the quarter-cell positions were predominant (Fig-
ures 7C and 7D), indicating that the CrfC focus at the midcell re-
gion of shorter cells is dependent on CrfC clamp binding. This
finding is consistent with the midcell localization of the replica-
tion forks in the shorter cells.
In midsized cells (relative cell age of 0.3–0.6), a pair of CrfC
foci, rather than a single focus, was formed at the midcell region
of both wild-type crfC and crfC Q41A cells (Figures 7C and 7D).
These sets of foci likely form a pair at the quarter-cell positions of
newly created cells after cell division. In longer length cells (rela-
tive cell age of 0.6–1.0), the initiation of chromosomal replication
occurred at the quarter-cell positions (Figures 1, 4, 5, and 6).
Additional dual CrfC foci were consistently formed and longer
cells containing six foci became predominant among wild-type
crfC cells (Figures 7B–7D). In crfC Q41A cells, these additional
foci did not appear, and longer cells containing only four foci
became predominant (Figures 7C and 7D). These results are
consistent with the idea that colocalization of a CrfC focus with
the nascent DNA regions is dependent on CrfC clamp binding.
Midcell CrfC Colocalizes with the Clamp Focus
To examine the colocalization of CrfC and the clamp further, an
mCherry-clamp strain bearing crfC-gfp or crfC Q41A-gfp was
used (see Extended Experimental Procedures). Cells were
grown as described for Figure 5, and the shorter cells containing
only a single-clamp focus at the midcell position were analyzed
for CrfC foci. Overall, 46% of the wild-type crfC cells that con-
tained three CrfC foci at the midcell and quarter-cell positions
exhibited colocalization of the clamp and CrfC focus at thel Reports 4, 985–995, September 12, 2013 ª2013 The Authors 991
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Figure 6. Time-Lapse Analysis of GFP-
Clamp Foci
(A) Schematic illustration of replication in-
termediates in wild-type and DcrfC cells using the
same symbols shown in Figure 1A. The sister
chromosomal regions are shown in cyan and red.
The oriC-migS region is indicated in yellow, and its
migration system is indicated by broken gray
arrows. The migration of the other chromosomal
regions is indicated by solid gray arrows. Green
circles represent GFP-clamp foci.
(B and C) Time-lapse analyses (3 min intervals) of
OZA009 (gfp-dnaN) (Wild-type) and OZA017 (gfp-
dnaN DcrfC) (DcrfC) cells grown at 25C on a
2% agarose pad containing M9-glucose-CAA
medium. Data are represented as the mean ± SEM
of the indicated numbers (N) of GFP-clamp (DnaN)
foci per cell. The x axis shows the time relative to
foci appearance (B) or disappearance (C).midcell position. By contrast, only 7.1% of the crfC Q41A cells
that contained at least two CrfC Q41A foci at the quarter-cell
positions exhibited colocalization at the midcell position (Fig-
ure 7E). These results agree with the concept described above;
i.e., CrfC at the midcell region depends on clamp binding and
exhibits dynamic behavior in executing the clamp-binding/
dissociation cycle. This behavior might be related to rapid DNA
synthesis by replisomes, as described above.
DISCUSSION
This study demonstrates that CrfC is a key player in the colocal-
ization of nascent DNA regions after replication fork passage and
in the equipositioning of sister chromosomes. CrfC colocalized
with nascent DNA regions and sustained the colocalization of
these regions in a clamp-binding-dependent manner. We pro-
pose that the clamps remaining on the nascent lagging strand
operate as anchors for CrfC oligomers that tether the nascent
DNA strands (Figure 1D). Also, the results suggest that the bio-
logical significance of sister replication fork colocalization is to
promote the equipositioning of sister chromosomes. Sister repli-
cation forks in yeast also colocalize (Kitamura et al., 2006).
Because the structure and function of the clamp are evolution-
arily conserved, the present findings indicate a possibility that
the clamp-dependent mechanism of nascent strand colocaliza-
tion may be a common feature of all organisms.
CrfC is a homolog of dynamins; however, it lacks the typical
membrane-binding region and instead has acquired a clamp-992 Cell Reports 4, 985–995, September 12, 2013 ª2013 The Authorsbinding motif (Figures 2A and 2B).
Eukaryotic dynamins form dynamic ho-
momultimers with a spiral configuration
and promote endocytic membrane
fission, but not segregation of DNA (Fer-
guson and De Camilli, 2012). Bacterial
actin homologs such as ParM are
required for segregation of plasmid DNA
(Schumacher et al., 2007; Garner et al.,
2007; Salje et al., 2010), whereas eukary-otic actin homologs are a major component of the constriction
ring required for cell division (Pollard, 2010). The tubulin homolog
FtsZ is a major component of the constriction ring in bacterial
cells (Erickson et al., 2010; Salje et al., 2010), whereas eukaryotic
tubulins form spindle fibers for chromosome segregation
(Raynaud-Messina andMerdes, 2007). Considering these evolu-
tional divergences, it is conceivable that the bacterial dynamin
homolog CrfC is involved in chromosome segregation in E. coli.
Based on previous studies and the data presented here, we
propose a model of the molecular mechanism via which CrfC
and the clamps sustain colocalization of the nascent DNA
strands following the passage of sister replisomes (Figure 1D).
In this model, CrfC oligomers bind multiple DNA-loaded clamps,
promoting colocalization with the assistance of SeqA multimers
bound to hemimethylated DNA regions. Therefore, the colocali-
zation apparatus would involve the formation of dynamic higher-
order structures resulting from binding of multiple proteins to a
large region of DNA. As-yet-unidentified proteins may also be
involved in these structures. We use the term ‘‘nascentmere’’
to describe the nascent DNA region bearing such a dynamic
nucleoprotein apparatus (Figure 1D). Even in the absence of
CrfC, colocalization of sister replication forks persisted for a
period of time, although the structure was labile. This is reason-
able as the nascentmeres under such conditions would still be
expected to contain SeqA multimers and perhaps other factors
involved in colocalization as well.
In the model shown in Figure 1D, CrfC multimers interact with
multiple clamp molecules bound to DNA strands that were
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Figure 7. Subcellular Localization of CrfC
(A–E) Fluorescence microscopic analyses of
MYU051 (crfC-gfp), OZA022 (crfC A41A-gfp),
OZA019 (crfC-gfp mCherry-dnaN), and KYA001
(crfC Q41A-gfp mCherry-dnaN) cells. Cells were
grown as described in the legend for Figure 5.
(A) Representative merged images of GFP foci
(green) and cell shapes of MYU051 (wild-type; WT)
and OZA022 (Q41A) cells.
(B) The percentages of MYU051 (WT; black bars)
and OZA022 (Q41A; gray bars) cells containing
two to six foci. Cells with fewer than two foci were
not detected. N, number of cells analyzed.
(C) Subcellular positioning of CrfC-GFP in
MYU051 cells (WT) and CrfC Q41A-GFP in
OZA022 cells (Q41A). The 0 mm position indicates
the midcell region. The quarter-cell positions are
indicated by dotted lines. N, number of cells
analyzed. The relative cell ages are indicated by
horizontal lines.
(D) Schematic illustration of the subcellular posi-
tioning of the clamp (DnaN) and WT or Q41A
mutant CrfC foci at the indicated relative cell ages.
(E) Colocalization of wild-type CrfC-GFP or CrfC
Q41A-GFP with the mCherry-labeled clamp in
single focus OZA019 and KYA001 cells. Images of
fluorescent foci and the shape of a representative
OZA019 cell, which contained a single-clamp
focus colocalized with the midcell focus of a cell
containing three CrfC foci, are shown. The table
displays the percentages of WT and crfC Q41A
(Q41A) cells containing colocalized foci.replicated in the lagging mode, thereby colocalizing the nascent
DNA regions derived from sister replisomes. This model is
consistent with recent reports indicating that, prior to cell
division of a single cell with a pair of replicated chromosomes,
half of the single chromosome replicated in the lagging mode
resides predominantly at a midcell-proximal region and the
other half, which is replicated in the leading mode, resides
near the cell pole (White et al., 2008; Liu et al., 2010). These
findings suggest the presence of distinct chromosome-posi-
tioning mechanisms for the chromosomal halves replicated in
lagging and leading modes. If the CrfC-clamp complexes are
formed specifically on a region of the lagging strand, DNA
regions replicated by the leading mode would be expected to
migrate further away than those replicated in the lagging mode
(Figure 1D).
Unlike wild-type CrfC, the CrfC Q41A mutant did not colocal-
ize with nascent DNA regions; however, both wild-type andCell Reports 4, 985–995, Semutant CrfC resided at quarter-cell posi-
tions (Figure 7). These results suggest
the biological significance of the nascent-
mere apparatus for the successive
positioning of the chromosome. The
segregation-executing apparatus may
be assembled on nascent DNA regions
and may direct bipolar migration in a
stepwise and leading/lagging mode
DNA-selective manner. This processmay be disturbed in crfC Q41A cells, resulting in disrupted chro-
mosomal positioning and equipartitioning.
The clamp-independent positioning of CrfC occurs before the
positioning of replication forks. This is consistent with an idea
that the clamp-independent CrfC positioning might be important
for the positioning of replication forks in the next round of repli-
cation. Also, analogous to condensins and dynamins, CrfC
molecules in the clamp-independent foci could form spiral-like
multimers, bundling DNA strands for chromosome condensa-
tion. CrfCGTPase activitymight be activated by a specific factor,
promoting constriction of the spiral for DNA condensation. As for
possible mechanisms in the clamp-independent positioning,
CrfC function might include a self-organizing system for spatial
positioning, or CrfC positioningmight be regulated by certain up-
stream events. CrfC GTPase activity might be important for the
putative self-organizing positioning mechanism, as shown previ-
ously for plasmid-partitioning protein ParA ATPase (Hwang et al.,ptember 12, 2013 ª2013 The Authors 993
2013). MukB, which is localized to quarter-cell positions (Hiraga,
2000), and other DNA-interacting factors might be involved in
these dynamics. A search for CrfC-interacting factors would be
an important future study.
EXPERIMENTAL PROCEDURES
Strains, DNA, Buffers, Search for Clamp-Binding Proteins Using
Affinity Columns, Purification of CrfC, and the Gel Filtration Assay
Full details of these procedures are described in the Extended Experimental
Procedures and Table S5.
Pull-Down Assay
CrfC protein in 100 ml of buffer SD containing Ni-conjugated magnetic beads
(bed volume of 2 ml; Promega) was incubated on ice for 1 hr with gentle mixing.
CrfC-bound beads were isolated by washing the beads twice in buffer SD. The
beads were then mixed with 10 ml of buffer SD containing the clamp and were
incubated on ice for 1 hr with gentle mixing. Bead-bound materials were
isolated by washing the beads twice in buffer SD and eluting the bound pro-
teins in SDS-sample buffer. The proteins released were then analyzed by
SDS-10% PAGE.
Spin-Column Assay
The clamps were loaded onto fX174 RFII (nicked circular form) DNA using the
DnaX complex, and the resultant DNA-loaded clampswere isolated using a gel
filtration column, as described previously (Su’etsugu et al., 2005). The isolated
DNA-clamp complexes (2.5 pmol as the clamp) were incubated on ice for
20 min in 10 ml of buffer SD’ containing CrfC, followed by gel filtration using
a Sephacryl S400 HR spin column (GE Healthcare). Full details are provided
in the Extended Experimental Procedures.
Coimmunoprecipitation of the Clamp-CrfC-Clamp Complex
The T7-tagged clampwas bound to T7-tag-antibody-coupled beads, followed
by incubation at 4C for 20 min in 10 ml of buffer SD’ containing CrfC and the
wild-type clamp. Bead-bound materials were isolated by washing the beads
three times in buffer SD’ and eluting the beads in SDS-sample buffer without
reducing agents.
BrdU Pulse Labeling and Immunofluorescence Microscopy
BrdU pulse labeling and immunofluorescence microscopy were performed as
described previously (Adachi et al., 2005). Briefly, cells growing exponentially
at 25C in M9 medium supplemented with 0.2% glucose and 0.2% casamino
acids were pulse-labeled with BrdU and then fixed in methanol. To visualize
the BrdU pulse-labeled DNA, cells were immunostained using an Alexa-
Fluor-488-conjugated BrdU antibody (1/30 dilution) (Invitrogen).
Fluorescent Microscopy in Living Cells
Cells growing exponentially at 25C in M9 medium supplemented with 0.2%
glucose and 0.2% casamino acids were harvested by brief centrifugation
and then suspended in the same medium. Fluorescent microscopy was per-
formed as described previously (Adachi et al., 2005).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, and five tables and can be found with this article online at http://dx.doi.
org/10.1016/j.celrep.2013.07.040.
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